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INTRODUCTION 


FEMALE Colias eurytheme butterflies generally exist in one or the other of 
two color phases—the ‘‘normal’’ orange and the dimorphic white form. 
The males are usually all of the same color. The white female phase is 
genetically differentiated from the orange by a dominant allele. The reces- 
sive allele for orange and the alternative dominant allele for white female 
color are carried in the autosomes of both males and females, but the white 
is manifested in the female only. All males are orange, irrespective of the 
alleles of this gene, which they carry. 

Populations of Colias butterflies differ in the frequency of the dominant 
allele for white wing color. The frequency of this allele is higher in north- 
ern populations than it is in southern ones (Hovanitz, 1944a, 1944b) and 
also at higher elevations than at lower elevations (Hovanitz, 1945). The 
direct effects of the environment do not influence the manifestation of the 
character (Hovanitz, 1943a), and, therefore, it has seemed a logical deduc- 
tion that the white-female allele provides a greater adaptive value to those 
butterflies carrying that allele in the areas where it is abundant. In wild 
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populations the white females appear as adults in advance of the ‘‘normal’’ 
orange females in any given brood (Hovanitz, 1944b). This would seem 
to indicate a more rapid developmental rate for the white individuals in 
the examples which have been studied. 

The geographical correlation existing between the color-phase frequen- 
cies and the specific ecological conditions already mentioned indicates a 
tendency of the two color-phase frequencies to be dependent upon the 
environment. If this is so, and if the environmental dependence is suffi- 
ciently great, then the color phases may indicate the nature of the depend- 
ence by differences in their response to the daily range of weather condi- 
tions to which each single population is subjected. It was for the purpose 
of testing this hypothesis that the following experiments were conducted. 

The white female phase is composed of both the heterozygote and the 
dominant homozygote classes. There is no factual information available 
concerning a difference in adult diurnal behavior of these two classes or 
in the frequencies of the two dominant groups in a population which is in 
genetic equilibrium, as shown by the formula p* + 2pq + q? where p equals the 
dominant allelic frequency and q equals the recessive allelic frequency, nor 
is there any evidence that these same differences may be ascribed to the 
three equivalent genotypes present in the males, in which they are not 
visibly differentiated. 
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METHODS 


The differential activity of the polymorphic female forms during the 
day was measured in the ‘‘species’’ or ‘‘race’’ Colias eurytheme (or chryso- 
theme). In this species the males are normally orange, and some of the 
females may be orange and others may be a very contrasting white. 

The localities chosen for the study were in southern California. Here 
all populations are restricted to the host-plant alfalfa (Medicago sativa or 
lucerne) and are free from any intercrossing with related species of Colias. 
The numbers of individuals in a given restricted population are large, thus 
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making the accumulation of significant data rather simple. In addition 
the variations in meteorological phenomena during the day are more de- 
pendable in the West than they are in Eastern areas, where conflicting air 
mass movements play a proportionally greater part in the daily weather 
changes. 
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Map 1. The locations (triangles) of the three alfalfa fields in which the diurnal 
changes in color-phase frequencies were recorded. 


The analyses of the field behavior of the two color phases in Colias ewry- 
theme (the alfalfa butterfly) were made in three different places. The first 
analysis, in September, 1941, was made near Los Angeles, California (Rio 
Hondo). The second was in June, 1946, near Bakersfield, San Joaquin 
Valley, California. The third was also in June, 1946, but near Brawley, 
Imperial Valley, California. These three localities are shown in relation to 
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each other on Map 1. Each population studied was in a single alfalfa field. 
In the second and third studies, the fields averaged about one-half by three- 
quarter miles in area; the field in the first study was about 200 by 300 feet 
in area. 

The first analysis differed from the other two in that each butterfly was 
captured, marked, and released. The manner in which this was done 1s 
being described elsewhere (Hovanitz, MS). In the latter two analyses no 
butterflies were captured; instead, the white and orange females were 
counted as the observer walked rapidly up and down the field. The speed 
of the walk was determined partly by the abundance of butterflies. Where- 
ever a cloud of butterflies rose from the field upon being disturbed, it was 
necessary for the observer to walk slower. 

The counts in a field were made as nearly as possible at random. Only 
in those rare cases in which a single butterfly might have been counted a 
number of times in succession by flying directly ahead of the observer was 
any deviation made in the path of the observer. The direction of the path 
was changed to avoid such an individual if it persisted in the same direc- 
tion, or the observer stopped momentarily while the butterfly flew away. 
These were only rare cases. In general the counts were made while the 
observer walked up and down the field starting from a corner of the rectangu- 
lar area and at each change in direction shifting at right angles a distance 
equivalent to two irrigation ‘‘checks.’’? Each irrigation check was about 
thirty feet wide. This procedure was continued until the termination of 
the time interval as given in the data. 

In all three of these analyses no butterflies were removed permanently 
from the fields by capture. Over a period of time, therefore, the same in- 
dividuals may have been counted several times. The frequency of recap- 
ture would be governed by the laws of chance. In the first analysis the 
butterflies were marked as to time and place. Therefore, the frequency of 
recounted individuals may be determined from these data. This phase of 
the study is to be presented in another paper (Hovanitz, MS). 


DAILY VARIATION IN THE FREQUENCIES OF THE COLOR PHASES 


The females observed in an alfalfa field show different frequencies of 
the white and the orange phases in the population at different times of the 
morning and afternoon. The change in frequencies is consistent from day 
to day, from hour to hour, and from population to population when similar 
factors of the weather are compared. 

A high frequency of white females is evident early in the day, followed 
by a lower frequency in the middle of the day and by a rise again in the 
afternoon under some circumstances. This curve of variation seems to be 
controlled by physical factors of the environment and to be, therefore, 
directly correlated with the variations of the latter. 


DIFFERENCES IN THE FIELD ACTIVITY 9) 


The first analysis was made in September, 1941, near Los Angeles, Cali- 
fornia (Rio Hondo). For three days the female individuals of Colias in this 
field (see Map 1) were caught, marked, and released, thus indicating the 
frequency of the forms in the field (Table I). Each of the three days, 
September 20, 21, and 22, was divided into three parts. In the first part of 
the day were included all those females caught before 10:30 or 10:45 A.M. 
In the second part were included those caught between 10: 30 a.m. and 12: 00 
noon (or 12:45 p.m.), and in the third part were included those caught 
after 12:00 noon. The collections generally began about 8:30 a.m. and 
lasted until about 3: 00 or 3: 30 p.m. 

It may be observed from the totals for the three days that there has been 
a change in the frequency of the two color phases which were flying during 
the day. The first part of the day has a frequency of 27.5 + 3.5 per cent 
white females. This has dropped to 22.4 + 3.9 per cent white in the second 
part and has risen again to 34.1 + 4.1 per cent white in the third part of the 
day. The difference between the first two parts of the day (5.1 + 5.14 per 
cent) has a probability value of about .50 of being due to chance alone. The 
difference between the second and third parts of the day (11.7 + 5.7 per 
cent) has a probability of about .05 of being due to chance alone. Taken 
in this way, the data indicate a change which might have a fair probability 
of not being due to chance alone. The results of the three days, however, 
may be calculated separately, and the probability value may be determined 
for the morning rise in frequency, the noon drop, and the afternoon rise. 
The chi-square test has been used here, based upon daily averages in fre- 
quencies. Deviations from the expected average frequency are obtained 
from numerical values adjusted to the proportion of the total individuals 
taken during a part of the day, with seven degrees of freedom, p = 0.90— 
0.95 that the differences might be greater if due to chance alone. A similar 
chi-square test made for the combined three parts of the day with the ex- 
pected values adjusted to the average frequency for the three days gives 
p = 0.10-0.20 that the differences might be due to chance alone (two degrees 
of freedom). 

Because of the desirability of knowing definitely whether the low signifi- 
cance values were due to the small sample sizes only, and whether or not 
a real change was involved, analyses two and three in the San Joaquin and 
Imperial valleys, respectively, were made. 

The second analysis was made near Bakersfield, San Joaquin Valley, 
California, at a place arbitrarily called Base (map in Hovanitz, 1944). 
In 1942 two test samples at this place indicated a white female frequency 
of 52.68 +1.28 per cent and 53.73 + 2.51 per cent. The frequencies in 
this field have been determined at different times of the day on June 3, 6, 
and 7, 1946, with the results summarized in Table II. It should be observed 
that these data were collected by nearly continuous counts during the day 
as shown by the time intervals included. They were grouped into time 
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classes for the purpose of calculating the significance of any change which 
might be apparent between the different times. A mean frequency for each 
time class was calculated and for these classes the standard error was com- 
puted. The mean percentages of white females flying over the field have 
been plotted against time to make a chart which graphically shows the 
changes that have occurred in the population during the day (Higa Ls 

On June 3 the sampling was of limited duration, and only a minor 
change in the color phase frequencies occurred. On June 6 a general drop 
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Fic. 1. The frequencies of the white-phase females in an alfalfa field near Bakers- 
field, San Joaquin Valley, California, at different times during the three days, June 3 
6, and 7, 1946. 


in white frequency extended through the morning until nearly 2:00 p.m. 
Then there was a rise of the white frequency again which did not quite reach 
the original level. 

On June 7 larger numbers were obtained, and the sampling was con- 
tinued over the more extreme parts of the daily weather variations. On this 
day the changes in color phase frequencies were most marked, ranging from 
nearly 60 per cent white at 7:00 a.m. to a low of 40 per cent white at 2:00 
p.M. and then to a high again of 54 per cent at 5:30 p.m. The differences 
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between these extremes are very significant, and a change in color phase 
frequencies in the active population which was available for counting 1s 
indicated. 

ae third analysis was made near Brawley, Imperial Valley, California 
(Map 1). In this valley the average white female frequency during 1942 
(Hovanitz, 1944b) was 16.31 + 0.82 per cent. The variation at different 
times of the three days, June 9, 10, and 11, was studied in 1946 in a single 
alfalfa field (Table III). It must be observed again that the data as shown 
are mean values for the time intervals during which the samples were being 

26 


% 
WHITE 


1 fe | 
7 8 9 ite) MW l2 i 2 3 4 5 6 


y M PM 
Fig. 2. The frequencies of the white-phase females in an alfalfa field near Brawley, 


Imperial Valley, California, at different times during the three days, June 9, 10, and 11, 
1946. 


taken. Here, as contrasted with the San Joaquin Valley population, the 
sampling was not continuous, but was interrupted with rest periods. Owing 
to the character of the weather, a continuous walk of more than twelve hours 
during the one day was not considered feasible. A continuous sampling 
was not necessary because a sample size of approximately one thousand 
females was relatively easy to obtain in an hour. 

The mean frequencies for the white females at the nearly two-hour inter- 
vals are plotted against time in Figure 2. It may be observed in Figure 2 
that on the afternoon of June 9, the white female frequency did not change 
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from the constant low of about 18 per cent white. Nevertheless, on the 
morning of June 10, the first sample indicated 24 per cent white; at 10: 30 
a.m. a minimum of between 17 and 18 per cent was white. This percent- 
age was comparable to that of June 9. It stayed at this minimum until 
late in the afternoon, when it rose a little (to 21.5 per cent) just before 
sunset. The following morning it was again high (around 25.8 per cent) 
and dropped as before to a low at 10:30 a.m. Owing to the large numbers 
involved in these samples, the differences are very significant, and the prob- 
ability of the random occurrence of such changes is negligible. 

The following fluctuations occurred. In each population a high white 
frequency was present early in the morning and a low white frequency 
toward the middle of the day. The minimum of white was not reached at 
the same time in the two different localities. In the Imperial Valley the 
minimum was reached by 10:30 a.m., after which there was no further 
change. In the San Joaquin Valley the minimum was not reached until 
2:00 pP.M.; then a rise was immediately apparent. This fact may indicate 
that a minimum of selective effect of the environment on the activity of the 
two color phases was reached in the Imperial Valley which may not have 
been reached in the San Joaquin Valley. Further discussion of these fluctua- 
tions, however, requires the introduction of information on the total activi- 
ties of the butterflies and also on the relative activities of the two color phases 
themselves. 

VARIATION IN ACTIVITY OF THE FEMALES 


The method of sampling which has been used gives a rating of the com- 
parative activity of the females at different times of the day. At all times 


8 
"min. 


j pai toes jes ae a eS) = SS 
7 8° 9 10 i l2 2 3 4 5 


AM PM 
Fic. 3. The average number of female Colias counted per minute at various times 
of the day in the San Joaquin Valley alfalfa field. 
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the observer was attempting to count as many females as possible while in 
the field. He was limited in this in two ways. The first limitation was the 
distance between him and the butterfly when the number of active adults was 
low. In order to discriminate well between males and orange or white 
females it was desirable to be within ten yards of the individuals. When 
adults were rare, the numbers counted could be increased per unit of time 
by walking faster. This was done, but it was possible only up to obvious 
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Fic. 4. The average number of female Colias counted per minute at various times 
of the day in the Imperial Valley alfalfa field. 


limits. When adults were very common, the difficulty in indicating the full 
increase lay in the identification of the polymorphic types in a swarm that 
would rise from the field as the observer walked by. The upper and lower 
hmits to the relative abundance figures which have been obtained are, there- 
fore, decreased and increased respectively by the nature of the fechmscae 
and do not represent absolute values for determining variations in activity. 

The relative numbers of the female Colias which were counted over the 
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San Joaquin Valley alfalfa field during the different times of the day are 
shown in Figure 8. The number of females counted per minute is plotted 
against time. It may be observed that the frequency is low early in the 
morning (it is zero before sunrise, since the butterflies do not fly at night or 
without sunlight), reaches a peak from 9:30 to 10:30 A.m., and then drops 
shghtly. The maximum number per minute was obtained at 10:30 A.. 
The drop thereafter continues until about 2:00 p.m., after which time the 
numbers remain fairly constant. A correlation will be observed between the 
2:00 p.M. hour in this connection and the minimum drop in white frequency. 

A similar graph for the Imperial Valley population illustrates the abun- 
dance of active females in that valley at different times of the day (Fig. 4). 
Here the numbers increase from sunrise until about 8: 30 A.m., at which time 
they are at their maximum (twenty-three or twenty-four per minute). On 
June 11] these had reached a near minimum of fourteen per minute by 10: 30 
A.M., but not quite that early on June 10. Except in one case all afternoon 
numbers are close to the minimum. On June 10 the numbers went up just 
before sunset, and this was accompanied by a rise of the white female fre- 
quency. 

Again there is a correlation between the time when the population ac- 
tivity reaches its minimum for the day and the time when the white female 
frequency reaches its minimum. This time is 10:30 A.M. or soon after. 

One may now observe the similarities and differences between the San 
Joaquin Valley curve and the Imperial Valley curve. Both have their 
maxima in the morning. The maximum of the Imperial Valley comes before 
that in the San Joaquin Valley (8:30 A.M. in contrast to 10:30 a.m.), and 
the minimum comes much earlier (about 10:30 A.M. in contrast to about 
2:30p.m.). These facts are relevant to the following discussion. 


COMPARATIVE VARIATION IN THE ACTIVITY OF THE DIMORPHIC FEMALES 


Two kinds of fluctuations in these populations have now been described : 
first, the variation in the relative frequencies of the two color phases; and 
second, the variation in the actual abundance of the females themselves at 
different times of the day. These are interconnected in the following way. 
The relative frequencies of the two color phases will not change if the rise 
and drop in activity of each is proportional. A rise in the frequency of the 
white phase can occur either by increasing the numbers of the active white- 
phase females as compared with those of the orange phase, or, conversely, 
by decreasing the number of the orange-phase females as compared with 
those of the white phase. A comparison of the numbers per minute of each 
phase at each period will show which of these is responsible for the observed 
result at any one time. Data for these are presented in Figures 5, 6, and 7 
for the San Joaquin Valley, and 8 and 9 for the Imperial Valley (Table IV). 

In Figures 5, 6, and 7 the numbers of females (white or orange) per 
minute are plotted against time. They show the relative abundance of the 
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Fie. 5, 6, 7. A comparison of the relative proportions of orange and white phase 
females counted per minute at various times of the day at the San Joaquin Valley alfalfa 


field. Figure 5 represents June 3, Figure 6 represents June 6, and Figure 7 represents 
June 7, 
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Fie. 8. A comparison of the relative proportions of orange and white phase females 
counted per minute at various times of the day in the Imperial Valley alfalfa field. The 
numbers of white females haye been given in actual numbers (below) and with an in- 
erease proportionally to the white (above). This chart gives the data for June 9 and 11, 


1946. 
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Fic. 9. The information for Figure 8 applies here also, but the data are for June 
10, 1946. 
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white as compared with the orange females at any given time. Each indi- 
cates the same trend, namely, greater prevalence of white females as com- 
pared with orange in the early morning. For June 6 and 7 an increase in 
both the white and orange females is indicated up to 10 or 10:30 A.m., but 
the orange females seem to increase at a more rapid rate than do the white. 
This results in a lower white frequency. After 10:00 or 10:30 A.m. both 
orange and white phases decrease, but the white phase decreases more rapidly 
than does the orange. It has become proportionally less active than the 
orange phase. When the population has reached a midday minimum about 
2:00 p.m. the white phase is considerably less active than is the orange, al- 
though both are less active than they were earlier. Thus, a drop in the white 
female frequency as shown by Figures 1 and 2 is not indicative of the mecha- 
nism behind the drop. Part of the drop occurs while both color phases are 
increasing in activity, and part occurs while both are decreasing in activity. 

The rise of the white female frequency after 2:00 p.m. as shown in Fig- 
ures 1 and 2 is caused by an increased activity of the white females with or 
without a corresponding increase in activity of the orange females. 

The phenomenon is even clearer in the case of the Imperial Valley popu- 
lations. The numbers of females counted per minute are again plotted 
against time; they are shown for June 9 and 11 on Figure 8 and for June 10 
on Figure 9. Here, the proportional increase of one phase over another is 
difficult to compare because the actual frequencies are very different (18 per 
cent white, 82 per cent orange). Therefore, the numbers of white females in 
the population have been increased proportionally to an amount equal to 
that of the orange by multiplying the number of white phase females by a 
factor of 4.043. The curve is then plotted as before and can be compared 
directly with the actual numbers of the orange phase females (on the figures 
this curve is labeled white x 4; see also Table V). 

As in the case of the San Joaquin Valley population, the white-phase 
females are relatively more abundant early in the morning than are the 
orange-phase females. The orange phase, however, increases more rapidly 
than does the white until about 8:30 A.M., at which time they both begin to 
decrease in abundance; this decrease continues until 10:30 A.m. or later. 
Again, the decrease of the white phase is proportionally more rapid than is 
that of the orange, and the result is a lowered white female frequency in the 
population. The straight line in Figure 2 showing the decrease of white fe- 
male frequency is thus the result of differing activity of the two phases and 
includes both their periods of increase in activity and of decrease in activity. 

The increase in white frequency before sunset on June 10 was caused by a 
general increase in activity, accompanied by a proportionally greater white- 
female increase. It is now desirable to determine, as well as possible, the 
factors of the environment which are involved in the differential activity of 


these color phases. 
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THE FACTORS OF THE ENVIRONMENT WHICH APPEAR CORRELATED WITH THE 
Colias ACTIVITY 


The daily change in the frequencies in the color phases of Colias appears to 
be regulated by the physical factors of the environment. The more impor- 
tant factors are changes in temperature, in relative humidity, and in the 
intensity of the radiation of the sun at different times of the day. The dif- 
ferences in frequencies as observed could be the result of altered activity 
of the color phases with different combinations of high or low tempera- 
tures, relative humidities, or various intensities of the sun’s radiation. 


Solar Radiation 


The radiation of the sun increases from dawn until noon and then de- 
creases until sunset (Fig. 10), unless it is altered by cloudiness, by high 
humidity, or by dust. None of the latter factors were noticeably effective 
on the days the samples were made, except as mentioned below. I have no 
actual data for these particular localities. 

The curves for the relative frequencies of the white and the orange color 
phases do not match the rise and drop of the relative solar radiation except 
early in the morning. The drop of white frequency indicated during the 
morning coincides with the increase in solar radiation, but the afternoon 
curve does not. 

A comparison of the curves expected for solar radiation alone and the 
curves for the relative frequencies of white and orange females shows that 
these two curves are not congruous. The curve for solar radiation would 
reach the modal point at noon. The curves for the color phases show that a 
high point for orange is reached at sometime before or after 12:00 noon, 
depending on the locality. In the San Joaquin Valley (Fig. 1) the high 
point for orange (or,.low point for white) is about 1:00 or 2:00 p.m. In 
the Imperial Valley (Fig. 2) the period of low frequency of white is more 
extended and is from about 10:00 a.m. until 3:00 or 6:00 P.m. 

In the coastal area, Los Angeles, the high point for orange or low point 
for white frequency is sometime between 10:30 a.m. and 12:00 noon (Table 
I). For the Imperial Valley the frequency curves match the expected solar 
radiation curves in an increased orange frequency with increased solar 
radiation up to a maximum increase of 83 per cent orange (17 per cent 
white). Further increase in intensity of solar radiation is not followed by 
an increased orange frequency. With a drop in the intensity of the radia- 
tion in the afternoon there is no contemporaneous drop in the orange fre- 
quency indicated. Instead, the frequency remains at the maximum, at least 
until the radiation has become nearly negligible. 

For the San Joaquin Valley the curve for the solar radiation matches 
that of the rise of the orange-phase frequency until 12:00 noon, at which 
time the orange frequency continues to rise despite the fact that the solar 
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radiation decreased after noon. The decrease indicated in the orange-phase 
frequency began at around 2:00 p.m., but it does not indicate a drop as low 
as the minimum for the morning (Fig. 1). 

The data for the coastal area are not detailed, but indicate an approxi- 
mation to those of the San Joaquin Valley with the exception that the orange 
frequency drops to a low in the afternoon as great as that in the morning, 
and also that the high white frequency occurs before noon rather than in the 
afternoon (Table I). 

It may be concluded, therefore, that variations in the solar radiation are, 
in a broad sense, contemporaneous with the variations in the color-phase 
frequencies, but that some other factors are responsible for wide fluctuations. 
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. Fie. 10. Curve of the percentage of total radiation received at the surface of the 
earth under normal conditions during a clear summer day (actual locality, Washington, 
D. C., somewhat north of the latitude of the populations being considered). The lower 
curve represents sky-radiation or indirect radiation (data from Kimball, 1924, through 
Brackett, 1936). 


These butterflies do not fly at all at night, or when the direct sunlight is 
obscured by clouds. To that extent their activity is directly related to solar 


radiation. 
Temperature 


Changes in daily temperatures are closely related to changes in solar 
radiation, although the actual temperature at any given time depends upon 
many factors. Some of these are the nature and source of the local air 
mass, the length of the solar day, and the intensity of the wind. Generally 
speaking, the daily temperature rises as the solar day progresses. Even in 
the afternoon the temperature continues to rise until the heat from the 
decreasing solar radiation is surpassed by the loss of heat by the radiation 
of the earth, and then the temperature begins to drop. The sheltered in- 
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terior San Joaquin and Imperial valleys illustrate these events especially 
well. Data for the two areas are presented in Figures 11 and 12. With 
a minimum temperature at about dawn (5:00 a.M.), there is a gradual rise 
throughout the day until the maximum is reached just before sunset (5:00 
p.M.). The Los Angeles coastal area, which is exposed to the sea breezes, 
may be cooled early in the afternoon by oceanic winds, and the rising tem- 
perature may be retarded at about noon (Fig. 13 

The fit of the temperature curves to the color phase curves is again only 
a partial one. A rise of temperature in the San Joaquin Valley 1S con- 
temporaneous with a rise in orange frequency until about 2:00 P.M., when 
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Fie. 11. Daily changes in temperature at a locality near Bakersfield, San Joaquin 
Valley, California, on the three days in which the analyses were made. Courtesy U. S. 
Weather Bureau. 


the frequency of the orange phase drops despite continued rising tempera- 
ture until 5:00 p.m. In the Imperial Valley the rise in temperature is 
contemporaneous with a rise in orange frequency until about 2:00 P.m., 
when the frequency of orange drops despite a rising temperature until 5: 00 
P.M. In the Imperial Valley the rise in temperature is contemporaneous 
with an increased frequency of the orange phase until about 10:00 a.m. At 
this time the frequencies of the white and orange phases reach an equilibrium 
at a minimum of white, even though the temperature continues to rise until 
5:00 p.m. After 5:00 p.m. the data indicate that the frequency of the 
orange phase may or may not drop. 

At Rio Hondo (Los Angeles coastal area) the actual temperature fluctua- 
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ae 


tions are complex owing to an air mass shift during the afternoon of the 
second day of the study. At that time there was a movement of hot, dry air 
from the interior toward the coast, thereby disrupting the normal daily rise 
and drop of temperatures. This air mass remained over the area until the 
following afternoon. For the three days September 20, 21, and 22, the 
following events occurred (Table I and Fig. 13): The lowest temperatures 
were recorded on the morning of September 20 (56° F. at 6:00 A.M.) with 
gradually rising temperatures until 5:00 p.m. (77° F.). On the same day 
the lowest frequencies of the white phase were recorded : 36.4 per cent, early 
te 
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Fic. 12. Daily changes in temperature in the Imperial Valley near Brawley, Cali- 

fornia, on three days in which the analyses were made. (Noon eouiper a eines aero at 

Imperial Valley; high and lows were given at Brawley, but unspecified as to time; pe 

times shown are indicated by other data of a similar nature from near-by weather sta- 
tions.) Courtesy U. 8. Weather Bureau. 


A.M. ; 25.0 per cent, late a.m. ; and 35.5 per cent, p.M. Thus, there is no direct 
fit with the temperature data except in the morning. The mean temperature 
for the day (66° F.) is the lowest for the three days (69° F. and (2 ator 
the next two days, respectively) and is contemporaneous with the lowest 
white-phase frequency for the three days (33.7 + 3.5 per cent white as com- 
pared with 25.0 + 3.8 per cent and 22.1 + 4.3 per cent for the next two 
days). Temperatures on the second day ( September 21) were higher than 
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on the first day, 56° F. at 5:00 A.M. and rising to 82° F. by 3:00 p.m. Ex- 
cept for the early morning the orange frequency fits that of the equivalent 
time of the preceding day. The aberrant morning frequency might be ex- 
pected to be due to sampling errors or to the unusually warm late-afternoon 
temperatures of the preceding day. Again, there is no contemporaneous 
change of color phase frequencies and temperatures indicated. On the third 
day (September 22) the temperatures until 1: 00 p.m. were higher than on 
the preceding days, 64° F. at 6:00 a.m. and rising to 81° F. at 1:00 P.m., 
but they dropped thereafter upon a shift in the air mass movement from 
seaward to normal landward again. The highest orange-phase frequencies 
are recorded for this day (82.4 per cent orange). Unfortunately, the fre- 
quencies were not tested that afternoon nor again until September 27. 
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Fic, 13. Daily changes in temperature at Los Angeles, California, on the three days 
in which analyses were made. September 27 and 28 are shown for comparison. Courtesy 
U. S. Weather Bureau. 


By combining the frequencies for the three days for the respective three 
periods of the day (Table I), it may be observed that the changes in color 
phase frequencies fit the temperature changes for the morning only and not 
for the afternoon. The rises in orange frequency and temperature are con- 
temporaneous until noon, but not entirely so in the afternoon. 

Consider again the relationship between the color phase frequencies and 
the temperature of each of the three localities. The orange phase frequency 
always rises until a certain time during the day in each of the three locali- 
ties. This time is different in each locality, being about 10:00 a.m. in the 
Imperial Valley, about 2:00 p.m. in the San J oaquin Valley, and probably 
about 12:00 noon on the coast. Then the orange frequency rises no more 
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and may even decrease, although the actual temperature continues to rise 
until sunset. It may be concluded, therefore, that changes in color phase 
frequencies are contemporaneous with the temperature changes during the 
morning but not during the entire day. 


Humidity 
In each of the three localities the relative humidity is generally inversely 
proportional to the temperature (Fig. 16), that is, the relative humidity 
drops as the temperature rises, to give a daily curve somewhat comparable, 
but reversed, to that of the temperature (Figs. 14 and 15). For this reason 
it would be impossible to differentiate between the effects of the temperature 
changes and those of the relative humidity. 
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Fig. 14. Daily changes in relative humidity near Bakersfield, San Joaquin Valley, 
during the three days June 3, 6, and 7, 1946. Courtesy U. S. Weather Bureau. 


On September 20, in the afternoon, the air mass at Rio Hondo (as was 
noticed earlier) changed from a humid coastal one to a dry interior one. 
The temperatures rose somewhat, but not enough to compensate for the 
decreased relative humidity. The following day, while the dry air was 
present and the temperatures rose very high, the white phase frequency 
dropped in the population. 

At the time of the replacement of the coastal air mass by the continental 
one, it was observed that nearly all species of butterflies began a migration 
to the south and west (the direction of air mass movement). This migration 
"was participated in by Colias ewrytheme, and the butterflies became: scarcer 
in the locality. It was this scarcity that accounted for the cessation of 
collecting on the afternoon of September 22. - It is uncertain whether the 
drop in the white phase frequency on the morning of September 21 and 22 
was related to this movement. Similar changes in air mass are correlated 
with butterfly migration (Williams and Bishara, 1929; Hovanitz, 1944b), 
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but their effects on changing gene frequencies (or phenotype activity) are 
unrecorded. Daily decreases of the white frequency in these populations, 
recorded before (Hovanitz, 1944b), will be considered more fully in another 
paper. 

It may be concluded that the data do not allow one to differentiate be- 
tween the direct effects of rising temperatures and the inverse effects of 
decreasing relative humidities on the comparative frequencies of the color 
phases of Colias. There is reason to believe that the decreasing humidity 
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Fic. 15. Daily changes in relative humidity at Los Angeles, California, during the 
five days September 20, 21, 22, 27, and 28, 1941. Courtesy U. S. Weather Bureau. 


is responsible for a different activity of both phases and may be responsible 
for a relative difference in their activity. 


CORRELATION BETWEEN SOLAR RADIATION, TEMPERATURE, AND ACTIVITY 
OF THE FEMALES 


Were a sufficiently large quantity of data available, it should be possible 
to determine the combination of meteorological conditions which are opti- 
mum for butterfly activity. Multiple correlations might be determined for 
any combination of independent meteorological variables with activity of the 


DIFFERENCES IN THE FIELD ACTIVITY 27 


adults as the dependent variable. From these, conversely, it should he pos- 
sible to infer the activity of similar butterflies as a function of any similar 
combination of meteorological variables. 

The information available is small, however, and extensive statistical 


TABLE VI 
Data USED FoR COMPUTATIONS AND CHARTS ON MULTIPLE CORRELATIONS 


Total Ad- Solar 
Total justed to Temp. | Radia-| R.H. 
n/min. | Imperial Mae tion |Per Cent 2 ¢ 
Valley Per Cent 
& y 
San Joaquin 
Valley 
June 3 
8: 40 a.m. 4.09 15.27 72 55 46 891 — 16.36 
9: 40 a.m. 6.49 24.23 75 70 45 1.414 2.75 
11:00 a.m. 3.27 12.21 76 7 43 712 13.12 
12:15 Pm. 1.87 6.98 80 83 32 407 22.60 
June 6 
9:25 A.M. 6.38 23.82 68 70 34 1.390 — 6.84 
10: 35 a.m. 5.97 22.29 70 75 32 1.301 90 
12:15 P.M. 4.93 18.40 75 83 26 1.074 15.75 
2:00 P.M 3.02 11.27 78 75 23 658 11.86 
3:45 P.M 4.36 16.28 77 55 28 950 — 9.51 
5:40 P.M 4.86 18.14 81 20 16 1.059 — 39.03 
June 7 
7: 25 AM 3.74 13.96 60 37 50 815 — 50.80 
8:05 a.m 3.23 12.06 63 45 47 704 — 38.69 
10: 35 a.m 7.29 27.21 73 75 34 1.588 5.01 
1:00 p.m 4.44 16.57 76 83 23 967 17.12 
2:05 P.M 4.88 18.22 81 75 22 1.063 15.97 
4:25 P.M 5.20 19.41 85 37 21 1.133 — 16.55 
5: 25 P.M. 3.95 14.75 85 20 18 861 — 33.55 
Imperial Valley 
June 9 
1: 05 P.M. 8 rere 100 80 9 758 47.00 
3: 25 P.M. 52S 2 eee 103 56 8 924 Aefailal 
5: 45 P.M. A || Eee tae 105 20 8 821 — 6.15 
June 10 
6: 25 AM. LOLS ON ||| Mise 73 20 30 1.157 — 49.99 
8:35 AM 23.8278 meer 83 55 24 1.391 — 1.29 
10: 35 a.m 8 2 ester 93 79 18 1.095 36.41 
12: 40 p.m A afc ly Scere: 100 83 13 793 50.00 
3:05 P.M A SUB OW eee 104 60 12 828 32.48 
5: 25 P.M 1D) 2 Sigh ee teria 107 20 a 1.126 — 3.41 
ne 11 
se 6 15 A.M IGS ASY ||" 4 ees 81 20 35 978 39.03 
8: 30 A.M. D264 | cerctrssee 85 55 29 1.322 1.45 
10: 25 A.M. 3290" | eset 94 79 24 806 37.78 


analysis does not seem justified. Nevertheless, the following tests were 
made. 

The total numbers of butterflies counted at successive periods of the day 
are given in Table VI for both the Imperial and the San Joaquin valleys. 
Included in this table also are meteorological data for the same periods of the 
day which have been interpolated from Figures 10-12. 
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Fic. 16. Correlation between relative humidity and temperature in the combined 
data of the Imperial and San Joaquin valleys. 
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Fic. 17. Correlation between temperature and solar radiation in the combined data 


of the Imperial and San Joaquin valleys. Differences between the morning and the after- 
noon. 
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Fic, 18. Correlation between solar radiation and relative humidity in the combined 


data of the Imperial and San Joaquin valleys. Differences between the morning and the 
afternoon. 
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factors might be made: solar radia- 
and time of day. Only those which. 
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The relation between solar radiation, temperature, and activity of female 
Colias in the Imperial and San Joaquin valleys, California. 


Fie. 19. 


Figures 17 and 18 indicate 


that the other factors, such as temperature and solar radiation at a par- 


humidity data were not used in the correlations. 


ticular time of day, may also be interrelated if the data were sufficiently 
detailed. These details, however, generally were considered too fine to be 


used with the rough data collected on the butterflies themselves. 


A three-dimensional model of the correlation between solar radiation, 


30 WILLIAM HOVANITZ 


temperature, and the activity of the females is given in Figure 19. The ele- 
vation of each block indicates the number of females counted per minute 
for a given combination of the two factors, solar radiation and degree of 
temperature. Not all points could be indicated on the figure because of 
hidden blocks or duplicating blocks. It can be seen, however, that the com- 
binations ranging from high solar radiation with low temperature to low 
solar radiation and high temperature are more closely correlated with 
ereater activity than are the combinations of low temperature with low solar 
radiation and high temperature with high solar radiation. 
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Fic. 20. Line found by selecting five peak activities for butterflies and plotting 
these points against solar radiation (#) and temperature (7) fitted to make the sum 
of the squares of the distances from the points to the line a minimum (solid line). Also, 
line connecting the hypothetical points 55°, 20 per cent, and 115°, 90 per cent, and thus 


separating the actual points into two classes according as they are above or below this 
line (dashed). 


C. C. Craig, of the Statistical Research Laboratory of the University of 
Michigan, has tested the significance of this correlation in two ways. First 
five peak activities were selected, one for each of five days. These Seay 
activities occurred at the temperature-solar radiation combinations 75°, 70 
per cent; 68°, 70 per cent; 73°, 75 per cent; 83°, 55 per cent; and 85°, 55 
per cent. A peak activity line was fitted to the points determined by these 
pairs and plotted on Figure 20. Since both temperatures and solar radia- 
tion are subject to error, the line was fitted to make the sum of the squares 
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of perpendicular distances from the points to the line a minimum. The line 
so found has the equation R + 1.377 —170-0. 
Then setting, 
a= i 1.317 —170, 
2 so found is proportional to the distance of any point (7', R) from the line. 
The actual distance on Figure 20 is 
fe Te 
xy (ee ey aay (iy 
which is positive for points above the line and negative for points below it. 
The values of 2 are shown in Table VI. 
A test was then made of the hypothesis that there is a tendency for ac- 
tivity to be proportional to the distance of the point (7, R) from the line. 


TABLE VII 


VALUES OF w CLASSIFIED AS ABOVE OR BELOW THE LINE CALCULATED BY THE FORMULA 
7T —6R—265=0 as SHOWN IN FIGURE 20 


—w +w 
891 1.059 
1.414 TSS 
12 861 
407 924 
1.390 .821 
1.301 ibs sii 
1.074 .828 
658 121236 
-950 .978 
815 : 
704 N=9 
sess m = .9874 
1.063 Student-Fisher 
758 t= .00748 with 26 
ae degrees of freedom 
‘793 
-806 
N =19 
mM = .9883 


This is done by finding the coefficient of correlation between activity and |2], 
the absolute value of z. First, the recorded activities were all reduced to 
percentages of the average activity for the locality in which they were ob- 
served. These values were designated by w and are given in Table VI. 
Then the correlation sought is 7..|-|, which proves to have the value 0.499. 
This value is significant at the level of .01, and thus the hypothesis tested 1s 
not refuted by the data. 
The line of best fit for predicting w’s from |z|’s has the equation 
w + 0.00798|z| = 1.178. Geometrically interpreted, this is the equation of 
two planes equally inclined to the 7, & plane which intersect in the peak 
activity line, and it has been shown that there is a real tendency for the 
activity points with co-ordinates (7, Rk, w) to cluster about these planes. 
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The hypothesis was then tested that there may be a lower activity of the 
butterflies in the combinations of high temperature and low solar radiation 
than there is in the combinations of low temperature and high solar radia- 
tion. This test was made by dividing the points (7, &) into classes accord- 
ing to whether they were above or below (in the 7’, & plane) the line joining 
the points (55°, 20 per cent, and 115°, 90 per cent) shown dashed in Figure 
20. The equation for this line is 77 —6R —265=0. When the co-ordinates of 
any point (7, R) are substituted in 77 — 6R — 265 the result is 2 0 according 
to whether the point is below or above this line. For example, taking the 
first pair of values (72°, 55 per cent), one has 7 x 72-6 x 55 — 265 < 0, and 
the point is above the line, as one may verify by plotting it. In Table VII 
the values of w are divided into two classes, those for points above the line 
and those for points below the line. One point, namely 85°, 55 per cent, 


TABLE VIII 


MULTIPLE CORRELATIONS BETWEEN ToTAL NUMBER OF BUTTERFLIES COUNTED AT A 
GIVEN TIME AND SoLAR RADIATION AND TEMPERATURE, BASED UPON THE 
ASSUMPTION THAT ALL POINTS LIE IN A SINGLE PLANE 


; Multiple Correlation aon 
Locality and Date Coeticient Significance 


Imperial Valley 


June 9 .619 IDSs A015 

Aubarey 0) ae .864 IP Ss AM 

June 11 503 P>,.05 
San Joaquin Valley 

June 3 105 JESS AOS) 

June 6 .228 12S AUS 

June 7 .283 12> AUS) 


proved to be on this line. The means of the two groups are 0.988 and 0.987, 
respectively, which is a rather minute difference as shown by the calcula- 
tion of the Student-Fisher t-test (Table VII). 

An assumption that there may be a simple linear relationship between 
activity as a dependent variable and solar radiation and temperature as 
independent variables was tested first. Numbers of butterflies per minute 
were correlated with solar radiation and temperature, but for each of the 
six days separately. These data are indicated in Table VIII. Only the 
Imperial Valley, June 10 data gives a high correlation which seems signifi- 
cant. This is .864 with P > .01. 

The interpretations which can be drawn from these data are that a corre- 
lation between the activity of the butterflies and a combination of meteoro- 
logical factors of the environment seems indicated and that solar radiation 
and temperature may be the two major factors involved. Activity of the 
butterflies is greatest with the combinations of the factors high solar radia- 
tion and low temperature, and low solar radiation and high temperature. 
Calculated on the basis of two inclined planes intersecting at the peak points, 
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the other points do not deviate significantly from these two planes if drawn 
so that the sum of the squares of the distances of the points away from these 
two planes is at a minimum. The data do not fit nearly as well to a single 
plane so constructed to all the points. 


DISCUSSION 

The preceding data illustrate the differential activity during the day of 
two female color phases of Colias eurytheme when the two color phases oceur 
together in the same wild population. The two color phases are the ‘‘nor- 
mal’’ orange female form, somewhat similar to the males, and the dimorphic 
white female form. The white form is genetically differentiated from the 
orange form by a single dominant gene (Gerould, 1923; Hovanitz, 1944). 
The two forms represent freely interbreeding parts of the same population. 
They are not sexually isolated units which happen to occur in the same place, 
as is true for the yellow and orange forms (Hovanitz, 1943b). 

The frequencies of these two forms are different in geographically sepa- 
rated populations. The white form is most abundant in northern popula- 
tions and less abundant in southern populations (Hovanitz, 19440). Flue- 
tuations have been recorded also in the relative frequencies of these phases 
in single populations. These may be either seasonal changes, as at Mono 
Lake, California, or variations during a single brood emergence, as in the 
San Fernando Valley or San Joaquin Valley, California (Hovanitz, 1944a). 

The data presented in this paper illustrate fluctuations in the frequencies 
of these color phases in a population during the course of a single day. 
These fluctuations have been interpreted as variations in the relative activity 
of the two phases under the influence of the daily weather variations during 
the day. 

Similar daily fluctuations were found at three localities, the San Joaquin 
Valley, the coastal area near Los Angeles, and the Imperial Valley. All 
localities are in California and are on a north to south axis as stated. The 
average frequency of the white females in these three places is approxi- 
mately 50 per cent, 30 per cent, and 15 per cent, respectively. 

In each of these localities the white frequency was highest early in the 
day and was lowest in each toward the middle of the day. The time when 
the minimum was reached was different in each population, but in general 
it was earlier in the day in the southern population and later in the day in 
the northern population. In some instances the frequency of white in- 
creased again in the afternoon, but was not usually as high as it was in the 
morning. 

The mechanism of the changing white frequency is a differential activity 
of the two forms at different times of the day. Early in the morning the 
white females were proportionally much more active than were the 
orange females. Later in the day the orange females increased in activity, 
but the white females did not. This lowered the frequency of white. Later 
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still both forms decreased in activity, but the white females decreased much 
more than did the orange. This continued the observed decrease in the fre- 
quency of the white females. In the afternoon an increase was indicated 
in both forms on some of the days. 

The activity of the females was greatest at some point during the morn- 
ing in all populations. It was earlier in the day in the more southern popu- 
lations, namely, at 8:30 A.M. in the Imperial Valley and at 10: 30 A.M. in the 
San Joaquin Valley. 

A period of minimum diurnal activity occurred about the middle of the 
day. This period was also earlier in the southern population than in the 
northern, namely, onset at 10: 30 A.M. in the Imperial Valley and 2: 00 P.M. 
in the San Joaquin Valley. 

Rough correlations were tested between the changes in the meteorological 
factors of the environment and the changing color-phase frequencies. Corre- 
lations were tested with such factors as solar radiation, temperature, humid- 
ity, and time of day. No one of these factors could be shown to be wholly 
responsible for the changes which occurred. It seems highly probable, how- 
ever, that a certain combination of these conditions is responsible, but the 
data are apparently not sufficiently detailed to allow one to determine the 
combination with accuracy. 

Correlations calculated between certain meteorological factors of the en- 
vironment and the total activity of the females seem to indicate that the 
activity of the adults may be related to specific combinations of intensity 
of solar radiation and degree of temperature. With more precise, or a 
ereater quantity of, data significant differences might be found between the 
requirements of the two color phases. 


SIGNIFICANCE 


The differences in the amount of activity of butterflies of the two color 
phases during the day indicate that the adults as well as the earlier stages of 
development of the dimorphic color phases in Colias have physiological dif- 
ferences in behavior. These conclusions were indicated by the seasonal and 
brood changes in frequency as reported in other papers. That these physio- 
logical behavior differences are controlled by the same pair of allelomorphs 
that control the white and orange colors seems likely beeause the alleles con- 
trolling both phases are segregating freely in the same population, and the 
recombinations of each generation would tend to disorganize any linkages 
which might arise between different genes. 

The data are significant in two ways: (1) they indicate that the mechan- 
ism by which allelomorphs can be selected by environmental factors may be 
indirect, and (2) they show that some physiological differences in behavior 
are directly correlated with color differences. 

The first point is an important postulate connected with the mechanisms 
of evolution. Apart from an almost impossible random establishment of a 
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new gene in a large population, the only mechanism available which would 
be very effective in increasing the frequency of an allele in a population is 
selection of that allele by the environmental selection of the genotypes which 
carry it. Populations which are interbreeding cannot long remain geneti- 
cally differentiated without an excess of selection pressure acting against 
the normal tendency toward panmixia. The field data show that the fre- 
quencies of the color phases are different in adjacent populations, and that 
the individuals of these populations do interbreed. One may conclude, 
therefore, that selection must be acting differentially on these populations in 
order to alter the proportions of the phases in each. 

Populations in the north (Hovanitz, 19442) and at high elevations 
(Hovanitz, 1945) have a higher white frequency than do populations in the 
south or at low elevations. One climatic characteristic is common to both 
elevated and northern areas. This characteristic is low temperature. If 
the selective agent acts upon the color phases during the adult stage, it might 
be expected that the white individuals would be relatively more abundant 
during the colder part of the day than during the warmer (provided that 
white reflects significantly more radiation than does orange). It is clear 
that the results shown in this paper support this conclusion. The white 
phase individuals are more abundant during the cooler part of the day than 
they are during the warmer part. Wherever this is true, it would follow 
that geographical localities having a cooler climate would be more advan- 
tageous to the white form than to the orange, and the white form would sup- 
plant the orange by contributing more to each succeeding generation. 

The second point is also important for an understanding of the results 
of evolution. Some parallel color variations in butterflies, other insects, 
plants, and animals in various regions are logically explained by differ- 
ences in behavior which are correlated with the color (Hovanitz, 1941). If 
these color differences were caused by the same physiological action in devel- 
opment as the behavior differences, then an environmental factor selecting 
for a behavior quality will also select for a color variety. This concept has 
been illustrated as of possible occurrence in diverse groups of organisms 
(Hovanitz, 1947). 

The present data indicate that environmental selection for a physiological 
behavior quality in Colias could be responsible for a selection of color varie- 
ties. The adults themselves differ in amount of activity as a response to 
various combinations of meteorological factors acting upon them. 


SUMMARY 


1. Comparative differences are indicated in the amount of activity of two 
Colias eurytheme female color phases at different times of the day. These 
color phases, the orange and the white, are genetically controlled by a single 
pair of alleles. 
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2. The frequency of the white-female phase in the total number of 
females which were flying in a field early in the morning is higher than it is 
later in the day. The frequency is less toward the middle of the day and 
may or may not rise again in the afternoon. 

3. The changing frequencies during the day have been shown to be due 
to a differential activity of the two phases. The white phase is relatively 
more abundant very early in the day. Thereafter, the orange phase in- 
creases in abundance, but with a proportionally lower white increase so that 
the frequency of white decreases. Then, both phases decrease, but the white 
continues to decrease proportionately greater. Both again may increase in 
the afternoon. 

4. The period during the day for the most and for the least diurnal ac- 
tivity is indicated to be earlier in a more southern locality than in a more 
northern one. 

5. Partial correlations occur between these frequency changes and the 
meteorological factors, such as temperature, solar radiation, and humidity, 
at different times of the day. 

6. The total activity of the butterflies has been tested as dependent upon 
various temperature and solar radiation combinations. Activity is greatest 
along a peak line ranging from high temperature and low solar radiation 
to low temperature and high solar radiation. The existing data do not 
deviate significantly from two planes formed by intersection at this peak 
activity line and sloping toward the low temperature and low solar radiation 
and high temperature and high solar radiation directions. 

7. There is no significant difference in activity when the points as indi- 
eated in the preceding paragraph are divided into two classes, low tempera- 
ture and high solar radiation and high temperature and low solar radiation. 

8. The points formed as above by the various combinations of tempera- 
ture and solar radiation as independent variables correlated with activity 
as a dependent variable show a very poor linear correlation. 

9. The significance of these data to the mechanisms of evolution are 
discussed. Two points seem especially significant: (1) a color gene might 
be selected by an environmental factor owing to a physiologically different 
activity which the organism manifests under certain environmental condi- 
tions, (2) physiological differences in behavior are directly correlated with 
color differences. 
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